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The aim of the present note is to discuss the arguments in favour of future high statistical
measurements of -meson decay formfactors that contain the information on quark struc-
ture of mesons. The decays of light -meson such as 0 ! γ + e+e− and  ! γ + e
q2 = q20 − (~q)2) (in what follows they would be denoted as 0 ! γ + ee and  ! γ + e
processes) are of a big interest from the view point of studing the dynamics of quark
motion inside a hadron.
There is a plenty of dierent models based on a current algebra, vector dominance
model, chiral eld theories and etc. (see, for instance, the reviews [1, 2]) that are proposed
to describe the formfactors dependence on a square of the invariant mass of a nal state
lepton pair. This variable can also be interpreted as a square of a 4-momentum Q2
transfered from the hadronic block of the corresponding Feynman diagram to a leptonic
pair. Here only one particular prediction on a shape of the Q2- dependence of the decay
formfactor, namely on the appearence of a dip in a region of small values of x = Q2=M2
variable [3], would be discussed. It should be noted that the high statistical experiment
done at Saclay 6 years later [4] had presented the data that may be interpreted as an
experimental conrmation of the prediction done in [3]. Nevertheless the systematical
errors quoted in [4] are ruther high so a more precise mesurement would be obviously very
important. Here it would be shown also that the analogouse dip-eect can be present in
the formfactors of electro-weak decay  ! γ + e
The prediction done in [3] was obtained in the framework of the relativistic constituent
quark model (see references in [3]) which make use of a covariant equation for two-body
wave function [5] that was derived on the basis of 3-dimensional quasipotential approach
to two-particle relativistic equations in quantum eld theory (QFT) [6].
The important point of this model is that its mathematical apparatus incorporates,
in the dierence with ordinary QFT amlitudes, the bound state wave functions of quarks
that participate in an interaction. Really, the pion is a bound state of the light quark and
antiquark tighted together by forces caused by gluon exchange. Therefore, an application
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of Feynman diagrams (proposed originaly for calculation of scattering amplitudes of par-
icles that are free in an initial state) for describing the processes that include the bound
states, may serve, denitely, only as some pertubative model approximation applied in a
region where the nonperturbative eects play an essential role. To this reason it is natu-
ral to expect that the amplitudes used to describe the decay processes of mesons have to
include the wave functions that take into account the bound state nature of mesons.
Finally the prediction of the appearance of a dip is a sequence of three main features
of the considered model:
1. relativistic motion of quarks bounded in spin 0 -meson state;
2. Standard Model (perturbative QCD and SM Feynman diagram technique) form
of a quark propogator that enter the quarks interaction amplitude describing the photon
and lepton-antilepton (e+e− or e) pair production in a nal state;
3. large value of a binding energy in pion.
2 Main formulae.
To explain the above statements the main points of the analysis performed in [3], for
0 ! γ + ee case would be sketched below in order to show that they are valid also for
EW -meson decay  ! γ + e and thus to demonstrate that its decay formfactors may
have the analogous dip in their Q2 dependence curve. The schematic view ( not a Feyn-
man diagram!) of -meson decay processes that illustrates the corresponding invariant
ampitudes M!f(P jq1; q2) at quark level (k1 and k2 are quark and antiquark momenta,












Figure 1: The title of gure 1.
Here f denotes a nal state, i.e. f = γ + ll for 0-decay and f = γ + e for -decay.
These amplitudes may be parametrised through the decay formfactors in the following
way:
M0!γe+e−(q1; q2jP ) = F
0!γe+e−(q21)
q21
V(q2jP )(e)jV (p+; p−)e(q2) : (1)
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 jV −A(p; p)e(q2) : (3)
Here e2(q2) is a polarization 4-vector of real a photon with the 4-momentum q2, e is
an electrical charge of a lepton and GF is Fermi coupling constant of weak interaction and
Vud is the element of Cabibbo-Kobayashi-Maskawa matrix. Also the following notationas
are used for two (orthogonal to each other) structure tensors V and A :
V(q2jP ) = P q2 : (4)
A(q2jP ) = g(P  q2)− Pq2 ; (5)
that are constructed of the -meson 4-momentum P and the 4-momentum q2 of the nal
state real photon and dene the vector and axial formfactors . Both electromagnetic (EM)
and electroweak (EW) nal state currents can be dened by one and the same formula:
jV−A(p1; p2) = u(p1)γ
(V −A)u(p2) ; (6)
with the factor (V − A) dened as
V −A =
{
V = 1 ; A = 0 for e+e− ;
V = 1 ; A = γ5 for e :
(7)





1) formfactors of 
 ! γ + e decay let us start with the denition
of the formfactor through the amplitude of the process.
The amplitude of the -decay process M!f (q1; q2jP ) may be presented in a frame-
work of the relativistic quark model as a covolution (with the relativistically invariant
dierential volume element of momentum space d
3k1
2k01
) of a covariant bound state (B) wave
function Ψ12BP (k1) and the interaction amplitude Tqq!f , taken in a Feynman form (see
Fig.1). Let us take for a general case of  ! γV decay, where by V  the virtual pho-
ton γ or virtual W  boson (see Fig.1) is denoted, and dene the transition amplitude,
following the guide line of [7] and [3], like







qq¯!γV (q1; q2; k1jP ) ; (8)
In (8) the summation over quark polarizations 1; 2 is supposed. Now one may dene
the formfactor of 0 ! γγ transition as follows
M0!γγ(q1; q2jP ) = F0!γγ(q21; q22)e1e2q1P  : (9)
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where e1 and e

2 are the the polarization 4-vectors of two virtual photons with the 4-
momenta (o mass shell) q1 and q2 respectively.






1 ; 0) : (10)
The wave function in (8) is a solution of a covariant two-body equation [3], [8], [9]
that has a three dimensional form due to the use of a covariant single-time method of
describing of a relative motion of quarks in a system where -meson has the 4-momentum
P. It should be mentioned that the relativistic wave function is connected with the vertex





(we take the masses of quark and antiquark to be equal to mq). Formula (11) allows to
establish a more close analogy with the Feinman diagram appoach and with quark triangle
diagram used to describe the decay process. Let us note that in perturbative leading order
triangle Feynman matrix element the vertex function is taken to be Γ(P jk1;k2)=1. Also
it should be mentioned that the three dimentional nature of the integration in (8) over the
3-vector k1 momenta components (as well as a three-dimential form of the wave function
in (8)) is caused by passing to a single-time formalizm [6] and the fact that in dierence
with the ordinary Feynman diagram technique, where the virtual particle momenta are
o the mass shell, in 3-dimential approach the momenta of particles are on a mass shell,
i.e. p2 = m2, but the equations for the bound state wave function are written o the
energy shell, like in \old-fashioned" perturbation theory.
The interaction amplitude T 12qq¯!γV (q1; k1jP ) has the standard QFT form:






q¯ (k2)e^1(k^1 − q^1 + mq)e^2(V − A)u1q (k1)
(k1 − q1)2 −m2q
+ (q1 $ q2) : (12)
Here e^2  γe2(q2) with e2(q2), being the polarization 4-vector of a real photon with
the 4-momentum q2, while e^1  γe1(q1) with e1(q1) being a polarization 4-vector of
a virtual bozon (photon or W) with the 4-momentum q1. The value sq =
p
nc  ∑ e2q
includes a number of colours nc and the summation is done over the squared charges
of quarks appearing in a fermion loop of a diagramm shown in Fig.1. Factor  is the
electromagnetic coupling constant while g is equal to
p
 in a case of 0 ! γ + e+e−
decay and g = (GFVud=2
1=2M)
1=2 in a case of the process  ! γ + e.
Factor (V − A) is dened by (7) and it takes into account the structure of a vertex
describing the intermediate γ=W bozon coupling to quarks in Fig.1.
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The spin structure of -meson wave function is taken according to [3] as follows:





2P  k1=M ; (13)
where 1 and 2 are quark polarization indices and ~BP (k1) is taken to be as Lorentz
scalar function because in what follows we shall consider s-state (i.e. with zero orbital
angular momentum l = 0).
3 Dip-effect in 0 ! γ + e+e− decay formfactor.
In a case of 0 ! γ + ee only the V=1 term in (12) is taken in the amplitude, so it has a
pure QED form.
After substitution such a nal stae interacion ampltude into (8) and performing the
summation over spin polarization indexes and calculation of the corresponding trace of γ
matrices one is left with the integration over the angular variables that are left in a case
of s-state only in the denominator of quark propogator in (12):
1
(k1 − q1)2 −m2q
=
1







2q1  k1 (15)
Here z = cos() = (~q1 ~k1)=qk1 with k1 = j~k1j and the notation q = j~q1j. The following
relations are valid also: for a real photon momentum we have q22 = q
2
20 − (~q2)2 = 0, i.e.
q02 = j~q2j; for quark 4-momentum k21 = m2, because, as it was mentioned before, within
the approach used in [3] the 4-momenta of particles are on the mass shell but out of the
covariantly dened "energy shell".
In what follows we shall denote the square of the 4-momentum q1=(q
0
1, ~q1) of a virtual
vector boson that produce a nal state lepton-antilepton pair as q21 = Q
2 keeping for the



















2q  k1 + z

 : (16)
The appearence of the factor q = j~q1j in the denominator of (14), and nally in (16),
has an important sequence that, possibly, may be experimentaly observed. Really, due to
the relation q22 = (P − q1)2, following from the 4-momentum conservation law P = q1 + q2
we get a relation M2 − 2Pq1 + q21 = 0. This invarint formula can be rewritten as
2Pq1 = M
2




wherefrom one can get in the pion rest frame (~P = 0) the relations for the components
of the 4-vector q1 = (q
0
1, ~q1) (keeping in mind our notation q = j~q1j and the denition





= M(1 + x)=2; (18)





Thus we see that after integration of the propogator in (16) over z = cos one gets
the prediction:
F (q21) = F (Q
2) = F (x)  (1− x)−1: (19)
So, the possible growth of F (x) in a region of x  1, if it can be observed in a data,
may serve as a conrmation that the choice of the propogater in (12), as well as of the
quark ampltude as a whole in a form of (12), i.e. in a standard for perturbative QFT
form, done in [3], may be quite a reasonable one and a consistent with data.
Another theoretical prediction of [3], that originates also from the form of the pro-
pogator (12), but not comletely dened only by it) is about the formfactor behaviour at
small values of x . The integration over z-variable in (16) leades to an appearence under














2q1  k1  ln
∣∣∣∣∣q
2
1 − 2k01q01 + 2q  k1




which may have dierent signs in dierent regions of its argument:










According to [..] the expression for the decay formfactor F0!γ+ee(x) being normalized
to the constant of 0 ! 2γ decay
F0!γγ(q
2
1) = f0!2γ ~F0!γγ(q
2
1) : (23)















1− xe−k(Mp=mq − e−k)
1− xek(Mp=mq − ek) : (25)
where 4(k) = k1 ~BP (k1) with k1 = j~k1j and the quark rapidity k = ln[(k01 + k1)=m]
corresponds to the parametrization of 4-vector components: k01 = mqchk; k1 = mqshk.








It is clear from (19) that at ~F (0) = 1 and thus F0!γ+ee(0) = f0 ! 2γ.
Formula (19) presents the normalised to unity formfactor as a product of two factors.
It may be also treated as a sum of two terms. One of them is (1 − x)−1. It denes the
formfactor monotonic growth with x without changing of the sign of a curve slope. The
second one, that contains (besides the integral over the wave function multiplied by log of
(20)) also the factor (1−x) in the dominator, serves as a small correction to a main term
(1−x)−1. The sign of this correction depends on the sign of the logarithmic function and
on what region of the integration of this lnjXj dominats. The lust surcumstance depends
on a shape of the wave function. From what was said above it is clear that the logarithmic
function includes the information about perturbative amplitude (9), that describes the
tranzition of quark-antiquark pair into a nal state of 2 vector bozons: one of them is
a real photon and another is a virtual photon or W . The wave function that takes into
account the bound state eect , has a nonper- turbative nature. In intgral it serves as a
weight factor and denes what region of quark rapidity may give the most contribution to
the integral. Thus the sign of the logarithmic function lnjXj in this region would dene
the sign of a small additional integral term (it includes the values of EM alfa or EW GF
coupling constants) as a correction to the leading term (1− x)−1 in (19).
The sign of this correction term in (19) denes the sign of the formfactor F (x) slope
in a region of small values of x. It is easy to check that for the values of quark rapidity k
satisfying the relation M  2mqch(k) the numenator in (20) is less than the denominator
and the lnjXj function has a negative sign. It happense when the binding energy of pion
as the qq sytem is negative or M = 2cos.








1− xek(Mp=mq − ek)
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Figure 2: The title of gure 2.
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